Introduction
The structure of adsorbed benzene has been studied for several decades and yet continues to be of active interest.
1,2 From a fundamental point of view, benzene is of great importance as it represents the smallest building block of a layered hexagonal carbon system and in spite of its high symmetry it gives rise to complex structures and dynamics. [3] [4] [5] [6] [7] [8] [9] A detailed understanding of benzene physisorption is also important for the development and improvement of filtering systems: benzene is a highly toxic and carcinogenic aromatic hydrocarbon molecule that occurs naturally in crude oil and coal deposits and its safe removal is thus of great concern for petrochemistry. 10, 11 Finally, benzene on carbon surfaces has been considered to be an important prototype for studying elementary dynamic processes and friction in view of the development of nanometer size motorization systems. 8, 12 The structure of bulk crystalline benzene has been studied for more than fifty years. [13] [14] [15] The benzene's multipole moments cause a perpendicular relative orientation of adjacent molecules (the symmetry of the molecule suppresses the net charge and dipole moment). Recently, the structure of liquid benzene has also been investigated in detail. 16 The sub-monolayer structure of benzene adsorbed on graphite has been the subject of much debate. Whilst authors using nuclear magnetic resonance (NMR) measurements 3, 17 and quasielastic neutron scattering (QENS) 4 suggested that the molecules stood upright on the graphite surface, neutron diffraction studies suggested flat lying molecules and a ffiffi ffi 7 p Â ffiffi ffi 7 p À Á R19:1 commensurate monolayer structure. 5 The flat adsorption geometry was confirmed several years later by low energy electron diffraction (LEED), 18, 19 X-ray diffraction, 20 and further NMR measurements. 21, 22 These heterogenous results were also reflected in the theoretical work on benzene/graphite: the first molecular dynamics (MD) simulations produced a structure that consisted mainly of flat lying molecules, but also contained a non-negligible fraction of upright molecules. [23] [24] [25] [26] [27] [28] A recent Grand Canonical Monte Carlo (GCMC) simulation in the liquid phase (273-373 K) produced a monolayer consisting of mostly flat lying molecules. 29 It is worth noting that in the latter publication including a quadrupole interaction in the calculation was shown to be of crucial importance. However, this is not surprising in view of the alternating structure of the benzene crystal that is mainly due to dominant quadrupole interactions. 13 The existence of a second surface layer has been discussed on several occasions. Whilst, to our knowledge, no experiment before has aimed to study it, several simulations on this question have been performed. [23] [24] [25] [26] 28, 29 The results differ, but suggest in their majority the existence of a disordered, liquid-like second layer. 26, 28, 29 Finally, there has been a structural study using a density functional theory (DFT) approach. 30 The latter does not consider, however, lateral interactions. Here, we report on neutron diffraction measurements of fully deuterated benzene, C 6 D 6 , adsorbed on the basal plane surface (0001) of exfoliated graphite. Deuterium has to be used instead of hydrogen, as hydrogen scatters predominantly incoherently and, hence, contributes very little to the diffraction peaks. The measurements cover for the first time relative surface coverages between 0.15 and 1.3 monolayers (ML) in a coherent experiment. This represents a full overview of the structure from isolated molecules to the beginning of multi-layer formation. Our data indicate the formation of nano-clusters with a bulkcrystalline order at coverages of more than 1 ML. The structure was measured from low temperature across the melting transition up to 250 K. This paper is organised as follows: after this general introduction, we describe the sample preparation procedure and the instrument parameters used for the measurements. In the subsequent section, we present the experimental results and the analysis. We finish this paper with a discussion of the results in view of past results and future research.
Experimental

Sample preparation
Neutron and X-ray diffraction experiments of hydrocarbon molecules adsorbed on graphite require the use of high surface density substrates due to the small surface signal. Here, we used chemically exfoliated graphite, which is a widely used high surface density material that typically has a specific surface area of about 20 m 2 g À1 and retains a sufficiently low defect density. 31, 32 In addition, exfoliated graphite samples show a preferential orientation of the basal plane surfaces. We exploited this and oriented the basal planes parallel to the scattering plane of the neutrons. We used 25 g of Papyex exfoliated graphite of grade N998 (499.8% C, Carbone Lorraine, Gennevilliers, France). We prepared exfoliated graphite disks of 2 cm diameter that were heated to 973 K under vacuum for 4 days and subsequently transferred to a cylindrical aluminium sample holder under a protective atmosphere. The sample holder was sealed by a lid with a steel knife edge and connected to a gas sorption system via a heated steel capillary. The surface density of the sample was measured in situ by BET (Brunauer-EmmettTeller) nitrogen adsorption isotherms that were obtained using a high precision absolute pressure gauge (Baratron 690A, MKS Instruments). We found a specific surface area of 23 m 2 g À1 .
Fully deuterated benzene (99.6% D, CEA Saclay, France) was used in this experiment to enhance coherent scattering. In this article we define the relative surface coverage, y, by the ratio of the molecular density, r, divided by the density of the ffiffi ffi
The density, r, was given by the change in pressure of the benzene during adsorption (exploiting the finite vapor pressure of benzene at room temperature) and by the known surface area of the sample.
Diffraction measurements
Neutron diffraction measurements were carried out using the high intensity powder diffractometer D20 at Institut LaueLangevin (ILL), Grenoble, France, using a wavelength of l = 2.4 Å. 33 Data were taken in a range of momentum transfers
where
k f are the neutron wavevectors before and after scattering from the sample, respectively. The resolution in this set-up for a 2 cm diameter sample is about DQ/Q = 0.03. 33 Measurements were performed at relative surface coverages of 0.15 ML, 0.5 ML, 0.8 ML, and 1.3 ML, respectively, and at temperatures in the range [80 to 250] K. The temperature was controlled using a standard liquid helium cryostat ('orange' cryostat, 34 ). Additional diffraction measurements of the clean graphite sample were performed at all temperatures. The graphite substrate and its orientation remained the same throughout all measurements. Subsequently, the clean graphite data were subtracted from the diffraction data of the adsorbate systems at equal temperature (see Fig. 1 ). Five regions in our data show very strong signal from the graphite substrate that masks the signal from the benzene adsorbate and makes a meaningful interpretation of the benzene signal impossible. These regions, as well as the low Q region, are marked by grey shading in Fig. 1 and excluded in our further data analysis.
Neutron spin echo measurements
Supplemental neutron spin echo (NSE) measurements were performed on the NSE spectrometer IN11 at ILL using the high signal set-up IN11C, which uses a 30 degree detector bank. 35 Here, we used a wavelength of l = 5.5 Å for the maximum signal. The spectra were normalized using a standard procedure: all data were divided by a spectrum that was obtained in situ at the cryostat base temperature of 1.5 K, where the system can safely be assumed to be static in the dynamic window of the 3 Results and discussion The graphs show significant structural differences between the sub-monolayer and the multi-layer regime as new peaks appear above 1 ML. Hence, for the sake of clarity of the description, we will describe these two regimes in separate sections.
Diffraction data and structural refinementsub-monolayer regime
The diffraction pattern of the monolayer of benzene/graphite at low temperature has been studied many times before and there exists general agreement on a ffiffi ffi
with respect to the graphite (0001) surface structure both for C 6 H 6 and C 6 D 6 . 5,18-22 However, the capabilities of neutron powder diffractometers and the corresponding data treatment methods have advanced tremendously since the last data were published and we can now study the structural changes upon heating up to the monolayer desorption temperature of 150 K. 36 In addition, the strong signal of the D20 diffractometer allows us to study several sub-monolayer coverages. We start our analysis with the lowest measured coverage of 0.15 ML (see Fig. 2 ). At 0.15 ML, no diffraction peaks are observed, which signifies that no long range order arises. The graphs of the two higher sub-monolayer coverages 0.5 ML and 0.8 ML show four strong peaks outside of the regions that are dominated by graphite peaks. The benzene peaks remain at the same position up to 1 ML coverage and have an asymmetrical shape that is typical for diffraction patterns of two-dimensional poly-crystalline systems. 37, 38 The asymmetric shape of the diffraction peaks is caused by the random orientation of crystallographic domains, where the normal of the domain remains parallel to the surface normal.
For a more detailed analysis of the sub-monolayer and monolayer structures we have simulated neutron diffraction patterns of a flat lying monolayer using the software package nxpattern, which allowed us to adjust a number of parameters manually. 39 The results of such a manual structural refinement are displayed in Fig. 3 . The positions of the atoms in the deuterated benzene molecule were based on neutron diffraction data for deuterated benzene molecules. 15 We have then adjusted the lattice parameters and found clear consistency with the model of a monolayer of densely packed flat lying benzene molecules. In the next step we have simulated results for out-of-plane tilting of molecules and in-plane rotations. We can exclude rotations of more than 1 degree and tilt of more than 10 degrees, due to the subsequent mismatch between the calculated and measured peak positions. Further information could be drawn from the line-shape: in-plane neutron scattering from a flat, two dimensional layer of ordered islands that are randomly oriented produces diffraction peaks that drop sharply for lower angles and exhibit a Lorentzian decay for higher angles. 37 Even better results were obtained in our case by using a squared Lorentzian peak shape that has been theoretically shown to be an indication of random layer lattices that undergo strain effects. 40 The peak width of the diffraction pattern depends on the instrumental resolution DQ/Q and on the size of the islands. For a decreasing island size we find an increase of the width of the diffraction peak. For the 110 K data the width of the diffraction peaks was found to be equal to DQ/Q. Therefore, we can consider the island diameter obtained from the simulations, D = 200 AE 50 Å, a lower limit for the real island size. The graphite layers in the compressed exfoliated graphite exhibit a preferred orientation in the plane with a mosaic spread of the surface normal of 20-30 degrees At a coverage of 0.15 ML no structural peaks are seen. At a coverage of more than 1 ML additional peaks appear, which cannot be explained in the framework of a flat benzene structure. full width half maximum (FWHM). 41, 42 This also influences the peak shape and has been taken into account in the simulation of the pattern. Finally, the Debye-Waller factor, given by DWF = exp[ÀQ 2 hu 2 i/3] (hu 2 i is the mean square displacement of the atoms) has a significant influence on the relative amplitudes of the measured peaks (see Fig. 3 ): the intensity of the diffraction peaks drops with increasing momentum transfer, Q.
The diffraction patterns resulting from the structural refinement for the coverages 0.5 ML and 0.8 ML, respectively, are shown in Fig. 3 . The agreement with the measured diffraction data confirms the formation of a ffiffi ffi 7 p Â ffiffi ffi 7 p À Á R19:1 structure up to a temperature of 130 K (0.5 ML) and 150 K (0.8 ML), respectively. The measured diffraction peak positions and the simulated peak positions in the Q-range of our data are compared in Table 1 . The positions of the four available peaks are reproduced well within the experimental error bar, however we find a clear deviation of the intensities of the higher order peaks from the Debye-Waller approximation at temperatures approaching 150 K (Fig. 3) . This is an indication of the gradual melting of the structure. The ffiffi ffi 7 p Â ffiffi ffi 7 p À Á R19:1 structure is depicted in Fig. 4 . Here, we propose two possible variants. The structure in Fig. 4a assumes the positions of the benzene hydrogen atoms on top of the underlying carbon atoms. This structure has been preferred recently by other authors. 30 In the structure of Fig. 4b the hydrogen atoms are turned to take a maximum distance from the top layer carbon atoms. Since the scattering plane is concomitant with the surface planes our diffraction data cannot distinguish between the two orientations, but orientation (b) is preferred by our MD simulations, 9 where the most probable orientation of the benzene rings with respect to the carbon structure is found to be turned by about 201. An I-V analysis of low intensity LEED measurements might resolve this issue, but it has to be kept in mind that the benzene islands remain highly dynamic even at temperatures of 60 K as shown by recent spectroscopy data. 43 It would also be highly interesting to study theoretically whether many-body van der Waals interactions have an effect on the structure and phase transitions as these interactions have not yet been taken into account, to our knowledge. 44 
Comparison to neutron spin-echo data
Neutron spin-echo (NSE) spectroscopy measures the decay of structural correlation with time. NSE spectra for temperatures between 120 and 150 K are shown in Fig. 5 . The NSE spectra show a decay that can be expressed by a simple exponential A depends strongly on the sample temperature. The plateau represents the scattering from the static fraction of the sample, i.e., from the graphite substrate and from immobile islands of benzene. The change in the level of the plateau indicates a gradual melting of the layer, which corroborates our interpretation of the decay of the signal of the higher order diffraction peaks. In Fig. 6 , we compare the area of the (0,2) peak of the 0.5 ML diffraction data set with the A parameter extracted from fitting the NSE data at a momentum transfer Q = 0.4 Å
À1
. From our diffraction and NSE data we can, thus, deduce that islands are formed at 0.5 and 0.8 ML coverages below 140 and 160 K, respectively, that are ordered in the ffiffi ffi 7 p Â ffiffi ffi 7 p À Á R19:1 monolayer structure. As the temperature approaches 140 K and 160 K, respectively, we see a gradual melting.
Diffraction results and structural refinement -coverage exceeding 1 ML
Diffraction data for a coverage of 1.3 ML are shown in Fig. 7 . Up to a temperature of 160 K additional peaks are clearly visible and the peaks that are found for the sub-monolayer structure remain. We have performed structural refinement by assuming either flat double layers or compressed layers with alternating flat and upright molecules in various geometries. None of these models reproduce any of the observed additional lines for the 1.3 ML coverage. Furthermore, we observed that the additional peaks that appear above 1 ML coverage (see Fig. 7 ) disappear at around 200 K and thus at a temperature that is 50 K above the monolayer desorption temperature. We conclude, that a second layer formation is not found here. Instead, we propose the formation of bulk crystalline benzene when the first layer is complete. In Fig. 7 we also compare our data with neutron diffraction data from (deuterated) bulk benzene by Craven et al. measured at the instrument D2B at ILL. 14 The similarity to the bulk data provides clear evidence that the additional structure at above monolayer coverage is bulk crystalline benzene. We have no MD calculation data for coverages of more than 1 ML, but there is one more important indication that excludes a twodimensional structure: two-dimensional structures lead to strongly asymmetric peaks as observed for the sub-monolayer peaks, 37, 38 whereas the additional peaks in the 1.3 ML data are clearly symmetric and cannot be formed from randomly oriented twodimensional ordered domains. The creation of the bulk structure at coverages with a relatively modest excess over 1 ML is at odds with the widely spread picture of structure creation in the low coverage regime. 45 
Conclusions
We have performed neutron diffraction studies of deuterated benzene mono-and multilayers on exfoliated graphite. For a low coverage of 0.15 ML no ordered structure was observed. For coverages between 0.5 ML and 1 ML, the existence of a flat ffiffi ffi 7 p Â ffiffi ffi 7 p À Á R19:1 structure has been observed that can be shown to be caused by ordered islands of at least 200 Å diameter. The ordered islands gradually melt at temperatures well below the desorption temperature and we find that the melting temperature changes with coverage. The islands disappear at 140 K for a coverage of 0.5 ML and at 160 K for a coverage of 0.8 ML. The structure does not compress, within the experimental error bar, upon increasing the coverage. At a coverage of 1.3 ML, a bulk crystalline benzene structure appears rather than a second layer. This structure differs strongly from a compressed ordered structure suggested by other authors 45 and indicates the formation of benzene nano-clusters in addition to an intact monolayer. 
